Baeyer-Villiger oxidation of racemic bicyclic cyclobutanones with Zr[bis(salicylidene)ethylenediaminato] (salen) complex 1 as catalyst in the presence of a urea-hydrogen peroxide adduct was found to proceed enantiospecifically. The enantiotopos selection in the oxidation was governed primarily by the Zr(salen) catalyst, although migratory aptitude (methine > methylene > methyl) in Baeyer-Villiger oxidation affected the selection to a varied extent, depending on the substrate structures; one enantiomer of cyclobutanones gave exclusively a normal lactone expected from the migratory aptitude, and the other enantiomer gave an abnormal lactone preferentially, the formation of which is counter to the migratory aptitude. Furthermore, the rates of abnormal lactone formation were found to be faster than those of normal lactone formation in most of the oxidations examined. For example, the enantiomer of racemic bicyclo[3.2.0]heptan-6-one giving an abnormal lactone reacted 2.2 times faster than the other enantiomer giving a normal lactone. To our knowledge, this example of chemocatalytic Baeyer-Villiger oxidation giving an abnormal lactone in preference to a normal lactone has been previously unreported. This unusual behavior is likely to be attributable to strict control of stereoelectronic demand in Baeyer-Villiger oxidation and chiral recognition by complex 1.
B
aeyer-Villiger (B-V) oxidation, oxidative transformation of carbonyl to ester (or lactone), has high synthetic value and has been widely used in various organic syntheses. In particular, asymmetric B-V oxidation of racemic or prochiral cyclic ketones is a useful tool for the synthesis of optically active lactones. Several enzymes, so-called Baeyer-Villigerase, are known to catalyze highly enantiospecific B-V oxidations (regiodivergent parallel kinetic resolution) (1, 2) of racemic cyclic ketones, although the stereochemistry of the oxidations depends on the enzyme used (3) (4) (5) (6) (7) (8) (9) . Some of them promote B-V oxidation of only one enantiomer, leaving the other enantiomer intact, whereas some other enzymes promote B-V oxidation of both enantiomers in an enantiospecific and topos-selective manner; that is, one enantiomer is converted to a normal lactone (NL) and the other is converted to an abnormal lactone (AL). [A lactone generated in accord with the migratory aptitude of the carbonyl substituent in B-V oxidation (tertiary Ͼ secondary Ͼ primary) is called a NL, and a lactone generated in contravention of the aptitude is called an AL (8) .] On the other hand, chemical versions of B-V oxidation of racemic ketones are still limited in number and are inferior to biocatalyzed B-V oxidation in terms of enantiospecificity and topos selectivity. In 1994, Bolm et al. (10) reported copper-catalyzed asymmetric B-V oxidation. In the same year, Strukul and coworkers (11) reported platinumcatalyzed asymmetric B-V oxidation. Since then, several catalysts have been introduced for asymmetric B-V oxidation (12) (13) (14) (15) (16) . Although stoichiometric enantiospecific B-V oxidation has recently been reported (17) , molecular catalysts are still difficult to exert a highly sophisticated catalysis comparable with enzymes. It has been reported by Bolm and colleagues (10, (14) (15) (16) that chiral copper and aluminum catalysts catalyze B-V oxidation with moderate enantiospecificity and topos selectivity.
The superior catalytic performance of enzymes is attributed to their efficient chiral recognition of substrates and appropriate control of the stereoelectronic requirement for migration of the Criegee intermediate in B-V oxidation; the stereoelectronic requirement is satisfied by regulating the conformation of the Criegee intermediate suitably through hydrogen bond formation with the enzyme (3) (4) (5) (6) (7) (8) (9) . Thus, we expected that highly enantioselective B-V oxidation would be realized if the conformation of the Criegee intermediate, a kind of bidentate ligand, is appropriately controlled by its forming a chelate with a chiral molecular catalyst (18) (19) (20) . In agreement with this expectation, we recently found that, although both cis-␤-and trans-Co[bis(salicylidene)ethylenediaminato] (salen) complexes catalyzed B-V oxidation (18, 19) , only chiral cis-␤-Co(salen) complexes could induce asymmetry in B-V oxidation. On the other hand, it is known that some metallosalen complexes are transformed to the corresponding cis-␤-complexes in the presence of a bidentate ligand (21) . Thus, we further expected that a metallosalen complex bearing an oxygenophilic metal center and readily exchangeable apical ligands would make a complex with the bidentate Criegee intermediate and, therefore, serve as a good catalyst for asymmetric B-V oxidation (Scheme 1). Indeed, high enantioselectivity of 87% enantiomeric excess (ee) was observed in B-V oxidation of prochiral 3-phenylcyclobutanone with a Zr(salen) complex 1 and urea-hydrogen peroxide adduct (UHP) system (20, 22) . Aoki and Seebach (17) have also independently reported stereoelectronic control of the rearrangement of the Criegee intermediate through hydrogen bond formation.
Different from B-V oxidation of prochiral ketones, the stereochemistry of B-V oxidation of racemic ketones is affected not only by stereoelectronic control but also by chiral recognition. Efficient stereoelectronic control and chiral recognition by Baeyer-Villigerase enables regiodivergent parallel kinetic resolution of racemic ketones through B-V oxidation (see above). The first coordination sphere of a cis-␤-metallosalen complex is chiral, and the cis-␤-complex is expected to provide a concavetype chiral reaction site when an appropriate substituent like a 2-phenylnaphthyl group is introduced at the C3(3Ј) position of the salen ligand (Fig. 1 ). An asymmetric reaction site of the concave type is known to be efficient for chiral recognition (23). Thus, it was expected that the Zr(salen) complex 1 would also serve as an efficient catalyst for enantiospecific B-V oxidation of racemic ketones.
Most biological reactions show strong substrate specificity, referred to as the lock-and-key model, because of their strict molecular recognition. The above-described biological B-V oxidations also undergo substrate specificity to a considerable extent (3) (4) (5) (6) (7) (8) (9) . The whole mechanism of molecular recognition by molecular catalysts is not completely understood, but some factors participating in interaction between the substrate and the catalyst have become obvious. For example, some attractive interaction(s) such as the CH-interaction (24) between the substrate and the catalyst participates in asymmetric induction by the catalyst. The salen ligand possessing a binaphthyl unit has been revealed to interact attractively with organic compounds through CH-interaction (25) . Thus, the stereochemistry of B-V oxidation catalyzed by complex 1 bearing a concave reaction site was considered to be strongly affected by the substrate structure. Based on this consideration, we examined B-V oxidation of a series of racemic bicyclic cyclobutanones with complex 1 as the catalyst (Scheme 2).
Materials and Methods

1
H NMR spectra were recorded at 400 MHz on a JEOL JNM-AL-400 instrument. IR spectra were obtained with a Shimadzu FTIR-8400 instrument. Optical rotations were measured with a P-1020 polarimeter (Jasco, Tokyo). Highresolution fast atom bombardment mass spectra were obtained from a JEOL JMX-SX͞SX 102A spectrometer with the mnitrobenzyl alcohol matrix. Column chromatography was conducted on silica gel 60N (spherical, neutral), 63-210 m, available from Kanto Chemical (Tokyo), and preparative TLC was performed on a 0.5 mm ϫ 20 cm ϫ 20 cm Merck silica gel plate (60 F-254). Enantiomeric excesses were determined by HPLC analysis by using Shimadzu LC-10AT-VP or by GLC analysis using Shimadzu GC-17A equipped with an appropriate optically active column, as described in Table 1 . Solvents were dried and distilled shortly before use. For spectral data of Zr(salen)Cl 2 2, which is the synthetic precursor of complex 1, the starting bicyclobutanones and the produced lactones, see Supporting Text, which is published as supporting information on the PNAS web site.
Zr(salen)(OPh)2 1. Complex 2 (333.8 mg, 0.338 mmol) was dissolved in THF (10 ml) under nitrogen. Then, a THF solution of lithium phenoxide (1.0 M, 680 l) was added to this solution and stirred for 6 h. The solution was concentrated on a rotary evaporator, and the resulting residue was redissolved in toluene. The mixture was filtered through a pad of Celite to remove lithium chloride. Racemic bicyclic cyclobutanone (0.1 mmol) was dissolved in chlorobenzene (1 ml). To this solution, bicyclohexyl or 1-bromonaphthalene was added as an internal standard where needed. Then, complex 1 (8.8 mg, 8 mol) and UHP (11.3 mg, 0.12 mmol) were added successively, and the resulting mixture was stirred for the time specified in Table 1 . Yields and enantiomeric excesses of the unreacted substrate and the resulting NLs and ALs were determined as described in Table 1 .
Determination of the Relative Reaction Ratio of Enantiomers of Racemic Ketones and the Ratio of Normal and Abnormal Lactones
from Each Enantiomer. The relative reaction ratio of the enantiomers of the starting racemic ketones was determined by using Kagan' 
, where c stands for the conversion of the starting ketone and ee stands for the ee of unreacted ketone (26) . Conversion of ketones was determined by using GLC or NMR analysis, and the ee was determined as described in Table 1 .
The ratio of NLs and ALs (R K ϭ F NL :F AL and R eK ϭ F eNL :F eAL ) from each enantiomer (K or eK) of the starting ketone was determined by GLC or HPLC analysis, where F, NL, AL, eNL, and eAL stand for the amount of an enantiomer, NL, AL, enantiomeric NL, and enantiomeric AL, respectively (see Scheme 2) . Retention times of the enantiomers of NLs and ALs were confirmed by the analysis of racemic lactones that were prepared by conventional methods. If no side reaction occurs, the following equation should be hold: F A ϩ F NL ϩ F AL ϭ F B ϩ F eNL ϩ F eAL , where A and B stand for the enantiomers of the unreacted ketone. We did not observe any reaction other than B-V oxidation and the this equation was satisfied within a margin of error of 4%, when the observed F values were applied to the equation. Table 1 .
The B-V oxidation of racemic 3 was found to be highly topos-selective (entries 1-4) . The topos selection by Zr(salen) 1 overwhelmingly overrode the migratory aptitude in B-V oxidation. It is noteworthy that the fast-reacting isomer gave the AL [enantiomeric (ent)-AL] preferentially in Ϸ27:1 ratio of ent-AL and ent-NL, despite the fact that topos selection and migratory aptitude were canceled. On the other hand, the slow-reacting isomer gave the NL exclusively in Ϸ40:1 ratio of NL and AL, suggesting that topos selection and migratory aptitude acted synergetically to give the NL. The relative reaction ratio (26) of the fast-to the slow-reacting isomers was Ϸ2.0. The stereochemistry of the oxidation of racemic 4 was similar to that of racemic 3, although the relative reaction ratio (Ϸ2.9) was somewhat improved (entries 5-7); the fast-reacting isomer gave ent-AL exclusively in an Ϸ51:1 ratio of ent-AL͞ent-NL, whereas the slow-reacting isomer gave NL preferentially in Ϸ22:1 ratio of NL͞AL. The stereochemistry of the oxidation of racemic 5 was also similar to those of 3 and 4 (entries 8-10); the fast-reacting isomer gave ent-AL preferentially in an Ϸ35:1 ratio of ent-AL and ent-NL, whereas the slow-reacting isomer gave NL selectively in a Ϸ40:1 ratio of NL and AL. The relative reaction ratio of the fast-to the slow-reacting isomers was Ϸ2.2. In these reactions, the ees of ALs were much better than the ees of the corresponding NLs, especially at the early stage of the reaction, since the enantiomers giving a NL showed high topos selection and reacted slower than the enantiomers giving an AL. Scheme 3 explains this stereochemistry with the reaction of 3 as a typical example; the supply of the ent-NL was faster than the supply of the AL at the early stage because of the relative reaction ratio and the topos selectivity. Scheme 3 also shows that the reaction is almost a regiodivergent parallel kinetic resolution. The ees of the NLs improved and the ees of the ALs decreased gradually as the reaction proceeded. This change in ees with time reflects the above-described NL͞AL ratio and the relative reaction ratio. These results indicate that the transition state for the oxidation of the fast-reacting isomer, leading to AL, is favored probably because of some attractive interaction between the salen ligand and the fast-reacting isomer, or the transition state for the oxidation of the slow-reacting isomer is disfavored because of some repulsive interaction between the salen ligand and the slow-reacting isomer. At this moment, however, our knowledge about the transition state is too naive to determine which is the case. The presence of an olefin or aromatic ring affects stereoselectivity in the reactions of 3-5 to a small extent. To our knowledge, this example of chemocatalytic B-V oxidation whereby a fast-reacting isomer gives AL stereospecifically is previously unreported.
The stereochemistry of the reaction of racemic bicyclo [4.2.0]octan-7-one 6 was different from that observed in the reactions of 3, 4, and 5 (entries 11-13); the reaction of the fast-reacting isomer gave NL exclusively, whereas topos selection in the reaction of the slow-reacting isomer was moderate (entAL͞ent-NL 5.1:1). The fast-reacting isomer was consumed about four times faster than the slow-reacting isomer. A part of this chemistry has been reported (20) . The stereochemistry of the reaction of racemic 2,3-benzobicyclo[4.2.0]octan-7-one 7 seemed similar to that of the reaction of 6 (entries [14] [15] [16] [17] . However, the sense of topos selection observed in the reaction Scheme 3.
of 7 was opposite to that observed in the reaction of 6; the oxidation of the fast-reacting isomer gave AL preferentially in Ϸ30:1 ratio of AL and NL, whereas the reaction of the slowreacting isomer gave ent-NL preferentially in Ϸ9:1 ratio of ent-NL and ent-AL. The fast-reacting isomer was consumed approximately eight times faster than the slow-reacting isomer. Different from the reactions of bicyclo[3.2.0]heptan-6-one derivatives, the presence of a benzene ring in bicyclo[4.2.0]octan-7-one derivatives had a strong influence on the topos-selection by 1. The relative reaction ratio between the enantiomers observed in the oxidation of 6 reflected the matching or mismatching of the migratory aptitude and the topos selection.
Intrigued with these results, we further examined the oxidation of bicyclo[5. Metallosalen complexes usually take octahedral configuration, but Zr-and Hf(salen) complexes have been reported to adopt unique pentagonal bipyramidal configuration (37) . Structurally, related Zr-and Hf-N,NЈ-ethylenebis(acetylacetoneiminate) (acen) complexes have also been reported to adopt pentagonal bipyramidal configuration (Scheme 4). These Zr-and Hf-complexes are equatorially coordinated by a solvent. Furthermore, these pentagonal bipyramidal Zr-and Hf(acen) complexes have been reported to change into octahedral cis-␤-Zrand Hf(acen) complexes, respectively, with loss of the solvent ligand, when they were heated in toluene. This study indicates that octahedral Zr-and Hf(acen) complexes and probably also octahedral Zr-and Hf(salen) complexes prefer cis-␤-configuration to trans-configuration. To see if complex 1 behaves similarly to the reported simple Zr(salen) and Zr(acen) complexes, we studied the x-ray structure of complex 1. In accord with the reported Zr(salen) complex, it was demonstrated that 1 also adopted pentagonal bipyramidal configuration, where the basal salen ligand takes an umbrella conformation and one water molecule coordinated with the zirconium ion in its equatorial position (Fig. 2) . The presence of the equatorial aqua ligand should be of advantage for B-V reaction, because aqua and alkoxide ligand exchange is usually fast. We next carried out 1 H NMR studies of complex 1, a B-V reaction mixture, and the mixture of 1 and 1,3-propanediol in CDCl 3 .
1 H NMR analysis of 1 in CDCl 3 showed the signals for two imino protons (CHAN) and two methine protons at the carbons adjacent to the imino group (CHON) in the cyclohexane moiety at 8.53 and 3.42 ppm, respectively, suggesting that the configuration of 1 in solution is not cis-␤. The B-V oxidation of 3 in the presence of stoichiometric 1 and UHP was traced by 1 H NMR, but no change in the NMR spectra of 3 was observed during the reaction, although 3 was converted into the corresponding lactones. Thus, to see if complex 1 adopts cis-␤-configuration at the reaction temperature in the presence of a bidentate ligand that can replace a phenoxide and an aqua ligand, a 1:1 mixture of 1 and 1,3-propanediol was analyzed by 1 H NMR. The NMR spectra indicated that all the 1,3-propanediol added was coordinated to the zirconium ion, and the resulting solution contained two new complexes (C and D) in a ratio of 20:1. The spectrum of C was almost the same as that of 1 except for the signals of the 1,3-propanediol moiety; the signals of two imino protons and two methine protons at the carbons adjacent to the imino group appeared at 8.52 and 3.42 ppm, respectively. This finding suggested that the 1,3-propanediol coordinated with the zirconium ion at the equatorial or apical position as a monodentate ligand, and the structure of complex C is similar to that of 1. In contrast, the spectrum of D showed the signals of two imino protons and two methine protons at the carbons adjacent to the imino group at 8.45 and 8.58 ppm and 3.90 and 4.40 ppm, respectively, indicating that complex D adopted a cis-␤-structure. These spectroscopic and the experimental data above support our proposal that the B-V oxidation using 1 proceeds through a cis-␤-complex bearing the Criegee intermediate as the bidentate ligand, and the concave-type reaction site on the cis-␤-complex can recognize well the structure of the substrate. The chelation of the Criegee intermediate to 1 should be easier than the chelation of externally added 1,3-diol, because the hydroperoxy group is more nucleophilic than the hydroxy group, and five-membered chelate formation is more favored than six-membered chelate formation (Scheme 5).
In conclusion, we have demonstrated that Zr(salen) complex 1 exhibits asymmetric catalytic activity similar to the catalytic performance of some Baeyer-Villigerases. In B-V oxidation of racemic bicyclo[3.2.0]alkan-5-ones, one enantiomer led to a NL and the other enantiomer led to an AL. This unique catalytic performance of 1 may be explained by formation of a cis-␤-Zr(salen) complex chelated by the Criegee intermediate, the conformation of which is regulated by the salen ligand of concave structure to enable topos-selective -* interaction necessary for enantiospecific B-V oxidation. The NMR study supported that a bidentate ligand coordinates with 1 and forces it to adopt cis-␤-configuration. However, B-V oxidation with
